PLASMA P OLYM EPiZATlON ON SURFACE OF MATERIAL 

TECHNICAL FIELD 

The present invention relates to a plasma polymerization and a polymer, 
and in particular to a plasma polymerization for forming a polymer with 
hydrophilicity or hydrophobicity on a surface of a material by using DC 
discharge or RF discharge, and to the polymer formed by the plasma 
polymerization. 

BACKGROUND ART 

Efforts have been made to satisfy various demands by forming a 
functional surface on a material. Among methods known for forming the 
functional surface are: (1) depositing the functional layer on the surface of the 
material; and (2) modifying a surface of the material in order to have new 
physical and chemical properties. 

A method for modifying a surface property of a polymer material to 
hydrophilicity by using an ion beam and a reaction gas has been disclosed by 
the inventors of the present invention in USP No. 5,783,641. According to this 
method which is called "Ion Beam Assisted Reaction", the surface of a polymer 
materia! is activated by irradiating energetic argon ions and oxygen ions 
thereon, and at the same time the surface property of the polymer is modified 
to hydrophilicity by providing the reactive gas around the polymer and forming 
hydrophiiic functional groups on the surface thereof In this case, according to 
"Surface Chemical Reaction between Polycarbonate (PC) and keV Energy Ar* 
Ion in Oxygen Environment" (J. Vac. Sci. Tech., 14, 359, 1996) which has been 
disclosed by the inventors of the present invention, the hydrophiiic functional 
groups, such as C-O, C=0, (C=0)-0, etc., are formed on the surface of the 
polymer. Many polymers, such as PC, PMMA, PET, PE, PI, and silicone rubber 
can be modified to have a hydrophiiic surface by the ion assisted reaction. 

In addition, in accordance with "The Improvement of Mechanical 
Properties of Aluminum Nitride and Alumina By 1 KeV Ar* Irradiation in Reactive 
Gas Environment" ["Ion-Solid Interactions For Materials Modification And 
Processing", Mat. Soc. Symp. Proc.396, 261 (1996)] which has been disclosed 
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by the inventors of the present invention, the surface modification by the ion 
beam assisted reaction is not a method which can be used merely for polymer 
materials. That is, the surface modification can be also performed on a ceramic 
material by the ion beam assisted reaction. The characteristics of the ceramic 
material, such as the mechanical strength thereof can be improved by forming 
a new functional layer on the surface thereof. 

Also, the ion beam assisted reaction can be employed for a metal. When 
aluminum is processed by the ion beam assisted reaction, the hydrophilicity of 
the aluminum metai surface is increased. However, the value of the wetting 
angle with water is varied according to the lapse of time on a surface of a 
process sample which is measured to examine hydrophilicity. That is, the value 
of the wetting angle is increased with the lapse of time, and restored to an 
original value after the lapse of a certain amount of time. 

When a metai such as aluminum is processed by the ion beam assisted 
reaction, hydrophilicity is increased because a native oxide layer is removed by 
etching carried out on the aluminum surface and a functional layer is formed 
thereon. That is, the effect of improvement in hydrophilicity is reduced with the 
lapse of time because the native oxide layer is naturally grown on the aluminum 
surface, and the aluminum surface is restored to its original state because the 
functional layer which consists of a thin layer (less than several nm) has little 
mechanical resistance against environmental changes (water, temperature, etc.) 
with the lapse of time. 

Accordingly, forming a hydrophiiic layer on the surface of the metal by 
the ion beam assisted reaction which has been utilized for the polymer and 
ceramic material is ineffective due to the above-described disadvantage. 

This disadvantage in modifying the metal material to have hydrophilicity 
occurs because the hydrophiiic layer is not stable. Thus, a hydrophiiic layer 
which is physically and chemically stable should be formed in order to 
overcome such a disadvantage. A hydrophiiic layer which is stable on the metal 
surface can be formed by depositing a hydrophiiic polymer. 

In order to deposit a polymer on a material by the conventional 
deposition technique, at least several process steps are required: (1) 
synthesizing a monomer; (2) performing a polymerization so as to form a 
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polymer or an intermediate polymer for a next succeeding step; (3) producing 
a coating solution; (4) cleansing and/or conditioning of a substrate surface by 
application of primer or coupling agent; (5) coating; (6) drying a coated layer; 
and (7) curing the coated layer. 
5 The above-described process can be replaced by a one-step process 

according to a plasma polymerization for carrying out a polymerization by 
introducing a gaseous material to be polymerized into a vacuum chamber 
under a relatively low vacuum state (1CT 2 - 10 1 Torr), forming the gas plasma by 
using DC power or RF power, and simultaneously generating a reaction of 
10 various ionized gases, radicals and the like which are formed inside the plasma 
under the applied energy. A polymer formed according to the plasma 
polymerization has strong adhesion to the substrate and high chemical 
^ resistance. 

g For example, the plasma polymerization may be performed on the metal 

IB 15 surface according to the technique disclosed in USP No. 4,980,196. A low- 
yj temperature plasma process is employed so as to prevent corrosion of a steeL 

® the process including the steps of: (1) pretreating the steel substrate by a 

s' reactive or inert gas plasma; (2) using DC power from 100-2000 volts, 

J preferably 300-1200 volts for the plasma deposition; (3) making the steel 

^ 2 0 substrate the cathode; (4) having anode(s) equipped with magnetic 

ry 

O enhancement (i.e. magnetron); and (5) using organosiiane vapors (with or 

r " without nonpolymerizabie gas) as the plasma gas to be deposited. That is, in 

accordance with USP No. 4,980,196, the cathode is used as the substrate, and 
a magnetron is installed on the anode. The plasma is formed on the steel 
25 substrate by using the organosiiane vapors and DC power. The plasma 
polymerization is then carried out In addition, the above-described patent 
further discloses performing a primer coating after the plasma polymerization. 

However, a magnetron must be installed at the anode side to perform the 
above-described process, and thus the device is more complicated. There is 
3 0 another disadvantage to the process in that the degree of hydrophilicity or 
hydrophobicity cannot be controlled. 
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DISCLOSURE OF THE INVENTION 

According to the present invention, there is provided a method for surface 
processing by plasma polymerization of a surface of a metal by using a DC 
discharge plasma, comprising the steps of: positioning an anode electrode 
which is substantially of metal to be surface-processed and a cathode electrode 
in a chamber; maintaining a pressure in the chamber at a predetermined 
vacuum level; blowing an unsaturated aliphatic hydrocarbon monomer gas or 
a fluorine-containing monomer gas at a predetermined pressure and a non- 
polymerizable gas at a predetermined pressure into the chamber; and applying 
a voltage to the electrodes in order to obtain a DC discharge, whereby to obtain 
a plasma consisting of positive and negative ions and radicals generated from 
the unsaturated aliphatic hydrocarbon monomer gas or the fluorine containing 
monomer gas and the non-polymerizable gas, and then forming a polymer with 
hydrophtlicity or hydrophobicity on the surface of the anode electrode by plasma 
deposition. 

Here, the nonpoiymerizable gas such as 0 2 , N 2 , C0 2t CO, H 2 0 and NH 3 
is a gas which cannot be polymerized into a polymer by itself but can be used 
and polymerized together with other monomer gases. 

There is also provided a method for surface processing by plasma 
polymerization of a surface of a materials including a metal, a ceramic or a 
polymer by using an RF discharge plasma t comprising the steps of: positioning 
a passive electrode which is of the material to be surface-processed and an 
active electrode which is substantially of metal in a chamber; maintaining a 
pressure in the chamber at a predetermined vacuum level; blowing an 
unsaturated aliphatic hydrocarbon monomer gas or a fluorine-containing 
monomer gas at a predetermined pressure and a non-polymerizable gas at a 
predetermined pressure into the chamber; and applying a voltage to the 
electrodes in order to obtain an RF discharge, whereby to obtain a plasma 
consisting of positive and negative ions and radicals generated from the 
unsaturated aliphatic hydrocarbon monomer gas or the fluorine containing 
monomer gas and the non-polymerizable gas, and then forming a polymer with 
hydrophificity or ^hydrophobicity on the surface of the passive electrode by 
plasma deposition. 
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There are also provided a polymer with excellent hydrophilicity or 
hydrophobicity and a polymer with strong coating and corrosion-resistant 
properties according to the above-described methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic view illustrating a device for a plasma 
polymerization for embodying the present invention; 

Figure 2 illustrates FT-1R spectra of an object polymerized on its surfaces 
at a cathode side and an anode side by DC discharge of acetylene and 
nitrogen; 

Figure 3 is a graph illustrating FT-IR spectra examined by changing a 
mixture ratio of acetylene to nitrogen during the DC discharge thereof under the 
conditions of a discharge voltage of 1 kV, a discharge current density of 2 
mA/cm 2 and an entire vacuum degree of 0.3 Torr; 

Figure 4 is a graph illustrating a change in the FT-iR spectra with 
annealing temperature after annealing a polymer polymerized at the anode and 
the cathode for 1 hour when the ratio of acetylene to nitrogen is 1:1 under the 
conditions of a discharge voltage of 1 kV, a discharge current density of 2 
mA/cm 2 and an entire vacuum degree of 0.3 Torr; 

Figure 5A is a graph illustrating the XPS spectra obtained from polymers 
at the anode side by the DC discharge for 1 minute (pressure: 0.3 Torr, current: 
2 mA/cm 2 , voltage: 1kV, acetylene : nitrogen = 5:5); 

Figure 5B is a graph illustrating an XPS spectra after annealing of the 
polymer in Figure 5A; 

Figure 6 is a graph illustrating an FT-IR spectra of an RF-discharged 
polymer on a passive electrode, when the ratio of acetylene to nitrogen is varied 
under the conditions of 0.3 Torr gas pressure, 200 W RF discharge power and 
2 minutes process time; 

Figure 7 is a graph illustrating the change in the water-drop contact 
(wetting) angle on an A! substrate having a polymerized surface when the RF 
power is varied under the conditions that the ratio of nitrogen to acetylene is set 
to be 9:1 and the gas pressure is fixed during the RF discharge; 

Figure 8 is a graph illustrating the change in the contact (wetting) angle 
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when the discharge power arrMhe ratio of acetylene to nitrogen are varied; 

Figures 9A and »A are SEM micrographs illustrating the surface of a 
polymer with hyd'ophilicity among the polymers polymerized by the DC 
discharge photographed by scanning electron microscope; 

Figure 10 is a SEM micrograph illustrating the surface of a polymer with 
hydrophobicity among the polymers polymerized by the DC discharge 
photographed by scanning electron microscope; 

Figure 11A and 1 1 B are SEM micrographs illustrating the surface of a 
polymer with hydrophiiicity among the polymers polymerized by the RF 
discharge photographed by scanning electron microscope; 

Figure 12 illustrates the water spray property of an Al sheet processed 
according to a first embodiment of the present invention; 

Figure 13 is a graph illustrating the pressure change of Acetylene in the 
vacuum chamber DC-discharged under various conditions after an initial 
pressure is set to 0.15 Torr; 

Figure 14 is a graph illustrating the total pressure change with the lapse 
of time after acetylene and nitrogen are mixed at a ratio of 50:50 in the vacuum 
chamber, the pressure is set to 0.3 Torr, and the DC discharge is started under 
various conditions; 

Figure 15A is a graph illustrating the partial pressure changes of the 
each of acetylene and nitrogen with the lapse of time after acetylene and 
nitrogen are mixed at a ratio of 50:50 in the vacuum chamber, the pressure is 
set to 0.3 Torr, and the DC discharge is started at 500 mA; 

Figure 15B is a graph illustrating the thickness change of a polymer 
polymerized onto the anode and cathode with the lapse of time after acetylene 
and nitrogen are mixed at a ratio of 50:50 in the vacuum chamber, the pressure 
is set to 0.3 Torr, and the DC discharge is started under various conditions; 

Figure 15C is a graph illustrating the contact (wetting) angle change of 
a polymer with the lapse of time after acetylene and nitrogen are mixed at a 
ratio of 50:50 in the vacuum chamber, the pressure is set to be 0.3 Torr, and 
the DC discharge is started under various conditions; 

Figures 16A and 16B are graphs respectively illustrating the change of 
thickness and contact (wetting) angle of the polymer with the lapse of the DC 
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discharge time, and solid lines and dashed lines represent respectively 
characteristics of the deposited film with and without adding a acetylene gas 
(5sccm); 

Figures 17A and 17B are graphs respectively illustrating the change in 
deposition rate and contact (wetting) angle of the polymer with the time between 
current pulses of the DC discharge; 

Figure 18 is a graph illustrating a change of contact angel of the polymer 
with the lapse of the time at various conditions; 

Figure 19 is a schematic view of an arrangement for polymerizing an 
organic polymer on an insulator by using the DC discharge; 

Figure 20 illustrates the change in the contact (wetting) angle with the 
lapse of a process time after a hydrophilic polymer is polymerized on a 
polyethylene teraphalate (PET) film which is processed by mixing acetylene gas 
and nitrogen gas at a ratio of 1:1 and using the DC plasma discharge under the 
discharge conditions of 1 kV and 2 mA/cm 2 ; 

Figures 21 A and 21 B respectively illustrate an XPS spectra of the PET 
film before and after performing a surface-processing by using the DC plasma; 

Figure 22 illustrates an embodiment of the present invention for 
performing a spray test after a hydrophilic polymer is polymerized on a 
polyethylene teraphalate (PET) film which is processed by mixing acetylene gas 
and nitrogen gas at a ratio of 1:1 and using the DC plasma discharge under the 
discharge conditions of 1 kV and 2 mA/cm 2 ; 

Figure 23 illustrates an embodiment of the present invention for 
performing the spray test after a hydrophilic polymer is polymerized on a goggle 
made of polycarbonate (PC) by using the DC plasma discharge; 

Figure 24 illustrates the change in a contact (wetting) angle with the 0 : 
plama treatment time after a polymer is polymerized on a metal surface by 
using the DC plasma; 

Figure 25 is a photograph illustrating a hydrophobic property when a 
polymer polymerized according to the DC plasma polymerization by using 
C 2 H 2 F 2 (vinylidenefluoride) is contacted by water; 

Figure 26 ijiustrates a test result of painting a surface of an A/ panel on 
which a polymer formed according to the plasma polymerization of the present 
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invention was polymerized for 30 seconds and of testing the adhesion thereof 
by a tape experimental method; 

Figure 27 is an enlarged photograph of the substrate in Figure 26; 

Figure 28 illustrates a test result of painting a surface of the polymer 
which was polymerized for 60 seconds under the identical conditions to Figure 
26 and of testing the adhesion thereof by the tape experimental method; 

Figure 29 illustrates a test result of the corrosion-resistant properties of 
a polymer, a bust at the left side being a bust made of bronze which is not 
processed, a bust at the right side being a bust on which the polymer was 
deposited by the plasma polymerization and both busts are soaked in in 5% 
NaCI solution for 3 days. 

MODES FOR CARRYI NG OUT THE PREFERRED EMBODIMENTS 

Figure 1 illustrates a schematic view of a experimental device used for 
the present invention. The device basically includes: a vacuum chamber; a 
vacuum pump for evacuating the vacuum chamber; a unit for measuring a 
vacuum degree; a power supplying unit for generating an electric potential 
difference to a substrate to be surface-processed; a substrate holder for fixing 
the substrate; and a reaction gas controller for blowing a reaction gas around 
the substrate. 

A substrate 2 is provided in the chamber 1. Whether the internal pressure 
of the chamber 1 is maintained at a vacuum state of about 10' 3 Torr by driving 
a rotary pump 6 is confirmed by a thermocouple gauge 7. Then, whether the 
internal pressure thereof is maintained at about 10" 6 Torr by driving a diffusion 
pump 5 is confirmed by an ion gauge 8. The substrate 2 is biased to an anode 
(or passive electrode) by a power supply 3. An electrode 4 at the opposite side 
is grounded. When the chamber 1 is maintained at a predetermined vacuum 
state, a reaction gas comprising an unsaturated aliphatic hydrocarbon monomer 
gas such as acetylene 9 and nonpolymerizable gas such as nitrogen 10 is 
sequentially blown into preferred positions. A mixture ratio of the reaction gas 
is controlled by the thermocouple gauge 7. When the gas in the vacuum 
chamber reaches a predetermined pressure, it is discharged by using DC or RF. 
Here, molecular bonds in the reaction gases are broken in a plasma generated 
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by DC or RF. Broken chains and activated cations or anions are combined, thus 
forming a polymer on a surface of the substrate positioned between the 
electrodes. The substrate is mostly made of metal aluminum Ai, but may be 
made of insulator, ceramics or polymer. 

5 

Anode and Cathode 

The polymer can be polymerized both at the anode and the cathode by 
DC power applied in order to form the plasma during the plasma polymerization. 
Here, the polymers polymerized at the anode and cathode have different 

10 properties respectively. The ions, radicals and free electrons formed in the 
plasma are polymerized dependent on the polarity of the electrode by receiving 
energy by electrical attraction. Here, negatively charged particles and the free 
electrons formed in the plasma are drawn toward the anode, and positively 
charged particles are drawn toward the cathode. That is, different kinds of 

15 energetic particles are polymerized at the anode and the cathode respectively, 
and thus the polymers polymerized at the anode and cathode have different 
properties, which is confirmed by an FT-IR analysis. 

According to the present invention, the FT-IR (Fourier transform 
infrared/raman spectrometer) spectra are obtained by BRUKER. IFS120HR. 

20 Yasuda et al. ("Plasma Polymerization", Academic Press, 1985) studied 

the plasma polymerized film deposited on the metai inserted between anode 
and cathode by a glow discharge of acetylene and have found that FT-IR 
signals are increased at a carbonyl region (ketone and aldehyde generally 
absorbs at 1665-1740 cm* 1 ). They also found that signals at a hydroxy! O-H 

25 bond stretching band (3200-3600 cm" 1 } are more remarkably increased than C- 
H stretching signals (about 2900 cm" 1 ), and that the concentration of the free- 
radicals is decreased by elapse of time. When the concentration of the free- 
radicals was measured by ESR (electron spin resonance) for 15 months, it was 
reduced to 87%. Reduction of the free-radicals progressed very slowly like 

3 0 oxidation of the polymer. It shows that the radicals were stable and oxygen is 
not infiltrated into the layer. Accordingly, stability of radicals and non-infiltration 
of oxygen is due .to the highly branched and highly cross-linked network. 

The existence of the highly branched network can be recognized by the 
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infrared ray spectra without a signal from a Methylene chain. A strong and 
broad O-H stretching absorption shifts down from high to low 3000 cm" 1 region 
by an intra-molecular hydrogen bond, which suggests that it is a branched 
hydrocarbon polymer. 

Therefore, the glow discharge polymer of acetylene is the highly cross- 
linked and highly branched hydrocarbon polymer including the free radical of 
high concentration. When the filim exposed to the atmosphere, free radicals are 
reacted with oxygen resulting in formation of carbonyl and hydroxyl groups. It 
may be advantageous in hydrophilicity. 

However, in accordance with the present embodiment, the polymer is 
polymerized by varying a partial pressure of acetylene and nitrogen gas 
influencing hydrophilicity. 

Figure 2 illustrates the FT-IR spectra of an object polymerized on 
aluminum substrates at the cathode and anode by DC discharge of acetylene 
and nitrogen. The two substrates were obtained by performing the DC discharge 
of acetylene and nitrogen for 1 minute (pressure: 0.3 Torr, current: 2 mA/cm 2 , 
voltage: 1 kV, acetylene : nitrogen = 5:5). The spectra show that there is a large 
difference between the two substrates according to their positions. 

As shown in the spectra, the largest peak of the anode polymer is at 
approximately 2930 cm" 1 , which is generated by C-H stretching and C-H 
deformation oscillation and observed typically in a polymer such as 
polyethylene. It implies that the polymerized layer has a similar structure to 
polyethylene. However, in the case of the polymer deposited on the cathode, 
the highest peak is between 1700-1400 cm" 1 . In this region, the peaks originated 
from the oscillations by the bonds between carbon and oxygen such as carbonyl 
(C=0), or the peaks orginated from the oscillations by the bonds between 
carbon and nitrogen such as amide, amino, amine (C=N) are repeatedly shown. 
The peak around 2930 cm" 1 is not remarkable, differently from the anode side. 
It implies that the hydrogen bonding of carbon is much reduced in the polymer 
at the cathode side. That is, the acetylene plasma formed by the polymerization 
forms various types of ions, and the different types of ions are moved to and 
polymerized at the. anode and cathode. Especially in the case of the cathode, 
it implies that a layer which is remarkably different from acetylene is 
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polymerized. Another strong peak is shown at the range of 3200 cm* 1 . This peak 
includes an O-H group and a C-N group. 

Another difference between the anode layer and cathode layer is the 
intensity of CH 2 rocking motion in aliphatic hydrocarbon. A peak shown around 
710 cm* 1 caused by the CH 2 rocking motion is relatively weaker both at the 
anode side and the cathode side than a peak around 710 cm* 1 in pure 
polyethylene. The absorption is not strong in the region between 720 and 770 
cm* 1 due to C-H 2 rocking. The peak is a characteristic peak from a straight chain 
of four or more methylene groups. This peak is not observed in the plasma 
polymer because a highly branched hydrocarbon chain is formed therein. As 
. shown in the polymer, considering a C-H stretching band at about 2930 crrf 1 
and a C-H bending mode at about 1400 cm* 1 , it is recognized that a highly 
branched but basically hydrocarbon-based polymer is formed. Here, it is notable 
that the ratio of the C-H stretching band at 2930 cm' 1 to the C-H 2 stretching 
band at 720 cm" 1 is much greater at the anode than the cathode. That is, it 
implies that, although the hydrocarbon-based polymer is polymerized, the anode 
side has a more highly cross-linked structure than the cathode side. Such a 
result shows that the different types of polymers are polymerized according to 
the substrate position. As discussed earlier, the polymers deposited at the 
anode and cathode are of different nature. However, the polymers deposited at 
the anode and cathode all have a excellent hydrophilic property. The polymer 
deposited at the anode has remarkably strong adhesion to the substrate 
material, as compared with the polymer deposited at the cathode. Therefore, in 
case the polymer at the cathode is employed as a product it may not be stable 
and a life span thereof may not be long. It is inferred that the weak adhesion 
of the polymer at the cathode results from increased damage due to the 
bombardment of positively charged energetic particles, and a weak bonding 
between the substrate material and the polymer. On the other hand, the 
polymer deposited at the anode has a excellent hydrophilic property and strong 
adhesion to the substrate material, thus satisfying the functional polymerization 
and application thereof. As a result, rn the first embodiment of the present 
invention employing the DC discharge, a functional polymer is polymerized 
preferably at the anode by using the plasma polymerization. 
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Change in Gas Mixture Ratio 

Figure 3 illustrates the FT-IR spectra examined by changing the mixture 
ratio of acetylene and nitrogen. As the concentration of nitrogen increased, a 
peak between 1700 and 1400 cm* 1 increased. As shown in Figure 3 ( as the 
5 concentration of nitrogen increased, the peak between 1700 and 1400 cm" 1 
caused by the bonds of C=0 and C=N relatively increased, as compared with 
a peak at about 2930 cm" 1 caused by the C-H stretching. A peak at about 1700 
cm" 1 is deemed a peak caused by the bond of C=Q (aldehyde or kepton). A 
peak between 1660 and 1600 cm" 1 may be a peak caused by the bonds of C=N, 
10 C=0 (amide, amino acid) and N=H (amine, amide). A peak at about 1400 cm' 1 
is a peak caused by C=N or C=C stretching. As illustrated in Figure 3, it is 
noticeable that the intensity of a peak between 1700 and 1630 cm* 1 is much 
varied when the concentration of nitrogen increased. As the concentration of 
Jl nitrogen increased, the peak intensity at about 1630 cm* 1 gradually increased. 

^ is It implies that the peak at about 1630 cm* 1 is related with a nitrogen compound, 
yj such as an amino acid, amine and amide. The increase of nitrogen compounds 

tQ acts as a hydrophilic functional group, which reduces the contact (wetting) 

angle. That is, a layer formed by increasing the ratio of nitrogen in a mixture 
O gas for forming the plasma is hydrophilic. It provides a clue for a change of the 

flj 20 contact angle. 

IS There has previously been provided just a little information regarding 

^ acetylene discharge dissociation. It has been known that positively discharged 

particles, negatively discharged particles and free radicals are generated in the 
plasma. According to the present invention, they can be separated by the DC 

25 discharge at the anode and cathode. The different polymerizations take piace 
at the anode and cathode due to difference of ion species moved to the anode 
and cathode. This phenomenon was observed by an experiment on the present 
invention. A deposition rate of the cathode layer is a little higher than that of the 
anode. An oscillation mode corresponding to various chemical bonds of a 

3 0 discharge polymer is shown in Table 1. 
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[TABLE 1] 

Oscillation modes corresponding to various chemical bonds at the anode and 
cathode sides of an acetylene polymer and an acetylene + nitrogen polymer by 
the DC discharge polymerization. 



Absorption 
Region 

CnT 1 


Source 


Monomer System 


C 2 H 2 

Anode Cathode 


C 2 H 2 + N 2 
Anode Cathode 


3200-3600 


O-H stretching, hydroxy I 
bond 


S 


No data 


3400-3500 


N-H stretching, primary 
amine 




S 


3310-3350 


N-H stretching, 
dialkylamine 




S 


3270-3370 


N-H stretching, NH bond 
secondary amide, trans 




S 


3140-3180 


N-H stretching, NH bond 
secondary amide, cis 







3070-3100 


N-H stretching, NH bond 
secondary amide, cis or 
trans 


- — 


_ 


2952-2972 


C-H asymmetric 
stretching, methyl 


s s 


s 


2862-2882 


C-H symmetric 
stretching, methyl 


s s 


s 


2916-2936 


C-H asymmetric 
stretching, methylene 


s s 


s 


2848-2863 


C-H symmetric 
stretching, methylene 






2760 


C-H t aliphatic aldehyde 


wv wv 


wv 
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2206 


C=C stretching 


W 


VW 


2089 




M 




1955 




W 




1880-1895 




M 


w 


1800-1815 




VW 


M 


w 


1700-1740 




w 


M 

IVl 


1710-1740 


C=0 stretching, 
saturated aldehyde 


w 




M 


1705-1725 


C=0 stretching, 
saturated ketone 


w 




- 


1680-1705 


C=0 stretching, 
unsaturated aldehyde 


w 




- 


1665-1685 


C=0 stretching, 
saturated kptnnp 






W 


1630-1670 


C=0 stretching, tertiary 
amide 






s 


1630-1680 


OO stretching, 
secondarv amide 

i I V** I y lift \A 




S 


s 


1560-1640 


N=H band, primary 
amine 

Ol • 111 I w 






s 


1515-1570 


N=H band, secondary 
amiHp 






s 


1490-1580 


N=H band, secondary 
amine 






s 


1445-1485 


N=H asymmetric band, 
methviene 


w 


w 




1430-1470 


C = H s^vmmpfrir hanri 

methyl 


s 


w 


Q 

o 


1325-1440 


C=C aldehyde 


w 




1370-1380 


C=JH symmetric band, 
methyl 


w 


w 


w 
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1 250-1 2Qfi 


w \-/ VCII. dlvJlHClUO, 

alcohol 


w vw 

V V V V V 


IVI 


1050-1200 


C=0 val., ether 


s 


s 


1024 




M 




993 


C=C different, C-H, CH ? 


M 


M 


950-970 




W 


M 


768-800 


C=C, C-H, CH 2 , aliphatic 


W W 


M 


640-760 


CH 2 rocking, aliphatic 


S W 




638-646 




S 


S 



Influences of Annealing 

The contact (wetting) angle of the substrate measured in each condition 
by a contact angiemeter was between 28° and 120°. When the polymerized 
substrate was maintained in ambient atmosphere, 250°C for 2 hours, the 
contact (wetting) angle of the substrate which had an initial contact angle of 
120° was reduced to 58°, and the contact angle of the substrate which had an 
initial contact angle of 28° was reduced to 16°. It is because the radicals which 
are not bonded are reacted with reactive gases in the ambient atmosphere by 
heating of the polymer, thus increasing the concentration of the hydrophiiic 
group. 

Figure 4 illustrates the change in the FT-IR spectra with the' lapse of 
annealing time. As shown therein, the size of a peak caused by the bonds of 
OO and C=N between 1700 and 1400 cm" 1 is remarkably increased depending 
on the annealing temperature, as compared with a peak caused by the C-H 
oscillation at about 2930 cm" 1 . That is, the annealing at the ambient atmosphere 
increase the concentration of the hydrophiiic group, such as a carbonyl group, 
amine group. The increase of the hydrophiiic group improves the hydrophiiic 
property of the surface. Actually, a peak at about 1700 cm' 1 caused by the peak 
bond (C=0 : aldehyde or kepton) and a peak between 1660 and 1600 cm* 1 
(C=N, C=0 : amide, amino acid, N=H : amine, amide) are increased in intensity- 
It is similar to change in the FT-IR spectra caused by the change in the mixture 
ratio of acetylene to nitrogen. Due to the annealing, the radicals which are not 
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bonded during the plasma polymerization are reacted, and thus the hydrophiiic 
groups, such as C=0(aldehyde or kepton), C=N, C=0(amide, amino acid) and 
N=H(amine, amide) are increased, thereby reducing the contact angle. 

XPS Analysis 

In general, the above-described FT-IR method and an XPS method have 
been widely used as analysis methods for analyzing the polymer composition 
and examining its chemical state. According to the present invention, an XPS 
spectrometer having a non-monchromatized Ai K-a source is employed to 
compare the elemental ratio of C, N and 0 of the polymer formed by the plasma 
polymerization, in an extracted discharge polymer, the relative elemental ratio 
of nitrogen X N to carbon X c is determined by the intensity (I) of the peak under 
the consideration of the ratio of the available cross-section (for example, X c = 
100%) of electrons emitted from each element under X-ray irradiation. An 
element ratio of oxygen is determined by a similar method. 

Figure 5A illustrates the XPS spectra obtained from the polymer obtained 
at the anode side by the DC discharge for 1 minute (pressure: 0.3 Torr, current: 
2 mA/cm 2 , voltage: 1KV, acetylene : nitrogen = 5:5). Although the layer was 
polymerized by maintaining acetylene and nitrogen in a plasma state, a large 
amount of oxygen is detected. It is thus inferred that oxygen did not exist in the 
supplied mixture gas, but may remain in the vacuum chamber and join the 
reaction. It is also considered that the radicals formed during the reaction were 
reacted with oxygen having strong reactivity and formed an oxygen mixture 
when exposed to the atmosphere. As shown in the C1s spectra of Figure 5a, 
the C-C bond which most polymers contain is appeared at a position of 285 eV. 
In the case of a polymer formed by the plasma polymerization, the position of 
the C1s peak is identical to 285 eV, but the peak forms an asymmetrical shape. 
The asymmetric property results from the bond of carbon and oxygen or carbon 
and nitrogen, such as C-O, CO, C-N and C=N. The peaks assigned to C-O, 
C=0, C-N and C=N appeared at higher than 285 eV so that the peak shaep 
became asymmetric. It thus implies that the layer includes the hydrophiiic 
functional group., , 

As illustrated in the XPS spectra after performing the annealing, the peak 
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of- oxygen or nitrogen has been little changed. However, the C1s spectral peak 
is much more asymmetric after the annealing. It implies that the concentration 
of functional group, such as C-O, C=0 or (C=0)-0 has been increased by the 
annealing. Accordingly, considering the results of the FT-IR and XPS, the 
hydrophilic group is increased by the annealing because the radicals which are 
not completely reacted during the polymerization are reacted with oxygen by the 
annealing in the ambient atmosphere and form the hydrophilic group, such as 
C-O, C=0 or (C=0)-0. 

Table 2 shows the composition ratios by using the XPS of carbon, 
oxygen and nitrogen of a polymer obtained by depositing the polymer for 1 
minute when the mixture ratio of acetylene and nitrogen was varied under the 
conditions of a pressure of 0.3 Torr, a current of 2mA/cm 2 and a voltage of 1 
kV and polymerizing the polymer at the anode according to the polymerization 
using the DC discharge. The amount of oxygen was little influenced by that of 
nitrogen, while the amount of nitrogen was dependent upon its mixture ratio. It 
implies that oxygen in the polymer comes from an external. In addition, the 
increase in the concentration of nitrogen shows that nitrogen which is 
introduced in the form of mixture gas directly joins the reaction. Such a result 
is identical to the above-described FT-IR result that the peak intensity related 
with nitrogen compound increased. 



[TABLE 2] 



Acetylene : Nitrogen 


9:1 


1:1 


1:9 


C 


89.72 


77.91 


76.07 


0 


10.28 


11.97 


11.57 


N 


0 


10.12 


12.36 



The results of the FT-IR and XPS show that oxygen exists in the polymer 
and the mixture ratio of the nitrogen gas introduced during the polymerization 
remarkably influences the properties of the polymerized layer. Such an oxygen 
or nitrogen compound serves to change the polymer from hydrophobicity to 
hydrophilicity according to the concentration of nitrogen and oxygen. Especially, 
nitrogen directly joins the reaction and changes the property of the polymer 
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RF discharge 

Figure 6 illustrates FT-IR spectra obtained from the polymer deposited 
on the passive electrode by using the RF-discharged gas mixture with varying 
the mixture ratio of acetylene and nitrogen. As shown therein, (a) is an FT-IR 
spectra obtained from a polymer deposited by RF-discharged gas mixture of 
acetylene (10%) and nitrogen (90%) at a total gas pressure of 0.3 Torr with the 
RF energy of 200W for 2 min. The contact (wetting) angle on this film was lower 
than 5°. While, (b) is a FT-IR spectra of a polymer obtained under the same 
conditions as (a) except that the mixture ratio of acetylene (70%) and nitrogen 
(25%), wherein the contact (wetting) angle of the film was approximately 180°. 
As shown in Figs. 2, 3, 4 and 6, the spectra of the polymers which have been 
obtained from the acetylene, and the mixtures of acetylene and nitrogen by the 
DC and RF discharges are quite similar to spectra which have been disclosed 
in the conventional art. Furthermore, as can be seen from papers such as 
Ivanov, S.I., Fakirov, S. H, and Svirachev, D. M. Eur. Polym. J. (1997, 14, 611), 
FT-IR spectra obtained from the polymer deposited by acetlyiene plasma and 
those deposited by high energy tolune plasma have similarities. Nevertheless, 
in general, relative intensity of peaks of the spectra varies as the discharge 
power increases. Accordingly, in view of the peak intensity of the FT-IR spectra, 
it is shown that the polymer obtained by the plasma polymerization is strongly 
dependent on the discharge power. 

One of the most important peaks which are shown among all of the 
polymers is the one shown in the vicinity of 3430cm' 1 . Particularly, a peak of 
2965cm" 1 and a relatively weak peak of 1370cm" 1 are originated from stretching 
and deformation vibration of a methyl group and shows that a large amount 
of branching were developed in a plasma polymer. A peak of 1700cm" 1 is 
considered to be due to vibration of a carbonyl (aldehyde or ketone). Absorption 
at 1630cm" 1 corresponds to an define (C=C) stretching band. The existence of 
a CH 2 or CH 3 deforming band at 1450cm" 1 shows that there are addition 
branches and crosslinking. A strong peak at 1100cm' 1 is caused by a COC 
asymmetric stretching of aliphatic ether or a C-0 stretching of saturated ether. 
A band portion between 900cm" 1 - 600cm" 1 shows CH deformation of substituted 
benzene. 
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Further, a surface contact angle of a substrate obtained from the RF 
discharge was between 5°- Wane! by adjusting the ratio of acetylene and 
nitrogen the polymer can be made highly hydrophilic or hydrophobic. 

The FT-IR spectra obtained from the film deposited by an acetylene- 
nitrogen RF plasma shows an N-H stretching, primary amine, dialkyi amine, and 
an amino-like property. Hydroxyl and carbonyl stretches bands and an N-H 
stretch and an N-H band appeared at a similar region. Since these band 
generate wide and strong signals, it is impossible to separate the oxygen 
compound signal from these band region. In accordance with quantitative 
analysis, the amount of oxygen remained at the acetylene-nitrogen plasma 
polymer is the same as that of an acetylene polymer, which means that the 
acetylene-nitrogen polymer is instantly oxidized by exposing to the ambient 
atmosphere. That is, peak intensity of carbonyl increased by exposing the 
substrate to the ambient atmosphere. Though the absorption effect of a 
hydroxyl group is not clearly shown, it is likeiy to be caused by coincidence of 
the stretching band absorption of O-H and N-H. However, a possibility of 
coexistence of amide and a hydroxyl or carbonyl group should not be excluded. 
In reality, an absorption band is considerably wide and difficult to find, and 
overlapped peaks are similar to some degree. When nitrogen and oxygen are 
combined in the same ratio, a polymer which is discharged thereby is similar to 
amine. Accordingly, the deposited polymer has many branches and when the 
film is exposed to the atmosphere, or when the substrate thereof is heat- 
treated, the polymer reacts with oxygen thereby it reduce time required to react 
with oxygen. 

In XPS, nitrogen and oxygen signal appeared at 401 eV (N1s) and 533 
eV (01s), respectively. Table 3 shows the relative ratio of carbon, nitrogen and 
oxygen which is calculated from the intensity of N1s, 01s and C1s(BE=286eV) 
signals, while Table 4 shows 01s binding energy depending on the 01s 
chemical state. Though the polymerization deposited by using the plasma which 
does not contain oxygen, it is common that deposited polymer contains oxygen 
compound and this oxygen added into polymer during or after the treatment of 
a plasma. Therefore, it seems that a radical intermediate serves an important 
role in the plasma treatment. Because such radical is unstable, it is reacted with 
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other gases and also in heat-treatment, the radical is rapidly reacted with 
oxygen (peroxy radical formation). This means that oxygen is not needed inside 
of piasma to form hydrophillic polymer, however a small amount of oxygen in 
the plasma enables a surface to be treated to have high affinity for the plasma. 
After the plasma treatment, the radical at the surface will react with oxygen 
under normal atmospheric conditions. 
[Table. 3] 



The ratio of an elementary synthesis of acetylene-nitrogen to carbon(100%) of 
a surface polymer obtained by RF discharge. 



gas mixture ratio 


RF energy 


nitrogen 


oxygen 


acetyiene(10%)- 
carbon(90%) 


200-300Watt 


12.6 


18.5 



[Table. 4] 



01s binding energy according to the XPS 



c=o 




531.93eV 


C - 0 


AE=about 1 .2eV 


533.14eV 



Figure 7 shows the change in contact angle under conditions where the 
ratio of nitrogen and acetylene is fixed at 9:1 and the gaseous pressure and RF 
power are varied, wherein when the gas pressure is 0.3 Torr and the RF power 
is over 200W, the contact angle is 5° which shows desirable hydrophilicity. 

While, Fig. 8 shows the change in contact angle when varying discharge 
power and the ratio of acetylene and nitrogen in the RF discharge. As shown 
therein, the contact angle is 180° showing desirable hydrophobicity when the 
ratio thereof is 9:1, while the contact angle is lower than 5° showing the 
desirable hydrophilicity when the ratio thereof is 1:9. Thus, it is possible to 
modify a surface of a metal to be hydrophiiic or hydrophobic by adjusting the 
ratio of acetylene and nitrogen. The results thereof are shown in Table. 5. 

Accordingly, it is considered that a polymer layer according to the present 
invention can be deposited without any difficulty by applying ceramic and 
polymer materials to fix on a passive electrode, besides a metallic material 
which may be applied to an anode of a DC discharge. 



[Table. 5] 

The contact angle of a high polymer under conditions of the position of a 
substrate in a vacuum chamber, gas ratio and RF power. 



acetylene(90%): 0.27Torr, nitrogen(10%): 0.03Torr 




bottom 


middle 


top 


20W 


71° 


75* 


68° 


50W 


180° 


67° 


82° 


100W 


>150° 


72° 


66° 


200W 


68° 


75° 


78° 


acetylene(75%): 0.225Torr, nitrogen(25%): 0.075Torr 


50W 


>150° 


76° 


71° 


100W 


>150° 


80° 


72° 


200W 


180° 


116° 


95° 


acetyiene(50%): 0.15Torr, nitrogen(50%): 0.15Torr 


50W 


>150° 


70° 


61° 


100W 


180° 


>150° 


70° 


200w 


180° 


70° 


72° 


acetylene(25%): 0.075Torr, nitrogen(75%): 0.225Torr 


50W 


36° 


23° 


36° 


100W 


<5° 


50° 


53° 


200W 


22° 


402° 


64° 


acetylene(10%): 0.03Torr, nitrogen(90%): 0.27Torr 


50W 


20° 


47° 


32° 


100W 


22° 


47° 


98° 


200W 


<5° 


58° 


68° 



Test results of deposited polymer 

Figures 9A and 9B are SEM (scanning electron microscopy) images of 
deposited polymer surface which shows hydrophilicity among films deposited 
by the DC plasma polymerization, wherein the surface of the polymer has a 
velvet shape which is considered to enable the surface to have hydrophilicity. 
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Figure 10 is a SEM image of deposited polymer surface which shows 
hydrophobic among films deposited by the DC plasma polymerization, wherein 
it shows formation of relatively large bumps by which soft particles are 
combined onto solid particle groups and the bump might affect the 
hydrophobicity. 

In addition, Figure 11A is SEM image of the film which is processed to 
the hydrophilic polymer by the RF discharge and Figure 1 1B is its enlargement. 
As can be seen therein, although the surface of the substrate looks different 
from the result of the DC discharge case in Figs. 9A and 9B, the surface of the 
polymer has a kind of velvet shape which is aiso considered to enable the 
surface to have hydrophilicity. 

Figure 12 shows a water spray result of an Al sheet which has been 
treated according to the present invention. As shown therein, the are within the 
circle is a portion which has been treated according to the present invention, 
showing a good water spreading property due to a low-degree contact angle of 
a waterdrop, while the other area thereof which has not been treated has a 
high-degree contact angle, whereby water-drops form without being spread. 
One of the important results is that above decribed characteristics does not 
changed with the lapse of time, which means that the formed hydrophobic group 
does not wash out by water. That is, the molecular weight of synthesized 
polymer is considerably large. 

Figure 13 shows changes in acetylene pressure by the DC discharge 
when acetylene was blown into the vacuum chamber until the chamber pressure 
reaches to 0.15Torr then pumping and supplement of acetylene is stopped. 
Here, it is noted that only the discharge current was varied without providing 
acetylene during the DC discharge. As shown therein, within a short period, the 
acetylene pressure was reduced to 40 mTorr at the minimum in accordance 
with the increase in the DC current. The reason for decrease in the pressure is 
that the polymer is deposited onto the substrate and an inner wall of the 
chamber from acetylene radicals and ions. Here, since the acetylene pressure 
rapidly decreases as the current increases, it is shown that the more the current 
increases, the faster the synthesizing of the polymer is performed. 

Figure 14 shows the changes of total pressure by the DC discharge 
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under the same condition of Fig. 13 except the gas mixture ratio. The gas 
mixture ratio of acetylene and nitrogen was 5:5. As shown therein, when mixing 
acetylene and nitrogen, initial pressure rapidly increases but with the lapse of 
time the pressure gradually decreases. Here, the nitrogen pressure increases 
due to nitrogen dissociation, and the nitrogen pressure again decreases due to 
nitrogen incorporation. Further, as the DC current increases, the dissociation 
time of nitrogen gas is reduced. As shown in Fig. 14, maximum values of the 
nitrogen pressure shift to the left side thereof which means the time lapsed is 
relatively short. However, the decrease of the nitrogen pressure after the 
maximum value is caused by the reduction of acetylene and nitrogen due to the 
polymerization onto the substrate. Thus, it is shown that a certain time is 
required for the polymerization, the polymer is damaged by the plasma after the 
required time is lapsed, and a large polymer can be produced when the 
synthesis is accomplished within an optimum time. 

In Figure 15A, it is shown that nitrogen pressure increase and acetylene 
pressure decrease. Figure 15B shows the thickness of the polymer according 
to the discharge time, wherein the thickness thereof under 5 sec of the 
discharge time can be ignored since a sputtering effect of an aluminum 
substrate is greater than a deposition rate of the polymer. The result means that 
nitrogen is dissociated and then polymerization occurs and at least 5 seconds 
are required for the deposition of the polymer. Next as the discharge time 
lengthens, the thickness of the polymer increases. As shown in the result of 
Figure 13, since the acetylene pressure is reduced to the minimum point at 60 
sec, the thickness of the polymer no longer increases. Thus, as" the acetylene 
pressure becomes reduced, the deposition rate of the polymer decreases, and 
when the deposition time is 100 sec, the thickness of the polymer is gradually 
reduced due to the sputtering effect. Further, Figure 15C shows that a contact 
angle of water under 20° after 30 sec of deposition time, which means that 
there exists an optimum deposition time. The concentration ratio of nitrogen and 
acetylene of the synthesized polymer can be estimated from initial and end 
pressures of acetylene and nitrogen. According to the estimation, nitrogen(20%) 
and acetylene(100%) are reacted at 100 sec. 

Figures. 16A and 16B show the reaction of nitrogen which is dissociated 
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in the vacuum chamber and acetylsne which is additionally flowed into the 
chamber, when 5 seem acetylene is added at a cathode and an anode after the 
polymer synthesis of C 2 H 2 and N 2 is completed under the conditions of Figs. 
1 5A through 1 5C. The synthesized polymer before additionally flowing acetylene 
into the chamber is synthesized to the substrate with the lapse of a certain time 
and thus the thickness thereof increases. However, after 60 sec, the thickness 
thereof no longer increases and instead it is reduced. In addition, when 
acetylene is flowed to the thusly synthesized substrate and reaction of 
acetylene to remaining nitrogen is observed, the thickness of the polymer which 
is synthesized to the substrate is reduced from the thickness thereof before 
adding acetylene. In other words, the attempt to polymerize the remaining 
nitrogen and the additionally flowed acetylene after the reaction thereof 
damages the organic polymer which has been already deposited and reduces 
the thickness of the originally synthesized matter. Figure 16B shows the change 
in contact angle in accordance with the deposition time, wherein the cathode 
and the anode have the lowest values at 60 sec at which the gaseous pressure 
becomes the minimum value. Accordingly, it is the most desirable when the DC 
discharge polymerization is accomplished at around 60 sec. Of course, such 
polymerization time may vary in accordance with conditions such as current and 
voltage of the DC discharge, an R.F voltage, etc. When the discharge is 
performed for over 60 sec, the polymer is worn due to the sputtering effect, 
which results in increase in the contact angle. As can be seen in Figs. 16A and 
16B, when introducing acetylene into the chamber during the discharge 
polymerizing process, the .thickness of the polymer increases, however the 
contact angle thereof decreases when the polymerization time is over 60 sec. 

Figures. 17A and 17B show the change in deposition rate and contact 
angle of polymers which are obtained from a cathode and an anode, by 
equalizing treating time and cooling time, that is, by performing an on/off 
treatment for the cathode and anode in a pulse type. Here, it is noted that the 
total treatment time is 30 sec. As shown in Fig. 17A, when treating for 30 sec 
without having a cooling period, the cathode and anode have the highest 
deposition rate, .while as the treating time decreases, the contact angle 
decreases as shown in Fig. 17B. Judging from this, it is found that there exists 
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the optimum treatment time and radicah and negative and positive ions are 
important factors for the polymerization. 

Figure. 18 is a graph' showing the change in contact angle of the polymer 
obtained under each condition when exposed to the atmosphere and the 
change in contact angle of the polymer substrate when placed in water for a 
predetermined time and then dried with dry N 2 . When exposing the polymer to 
the atmosphere, the contact angle thereof gradually increases, while when 
placing the polymer substrate in water, the contact angle little changes. 
Accordingly, it seems that the hydrophiiic radical polymerized to the substrate 
rotates, and when contacted with water, the hydrophiiic radical turns outwardly 
and thus maintains the hydrophiiicity on a surface of the substrate, while when 
not being contacted therewith, the hydrophiiic radical turns inwardly and 
appears not to maintain the hydrophiiicity. 

Surface-Processing of Insulating Material Using DC Plasma 

In the case of the DC plasma, the substrate is made of a metal and thus 
the DC plasma cannot be employed for materials such as insulators, ceramics 
and polymer An RF plasma is mostly used for such materials. Figure 19 is a 
schematic diagram of the present invention for polymerizing a polymer on an 
insulator by using a DC plasma. In order to use the DC discharge, the voltage 
should be applied to the anode and cathode electrodes. However, in the case 
of the insulator, a voltage cannot be applied. Therefore, according to the 
present invention, a metal (Al, Cu) is used as the anode electrode 20 in order 
to form the plasma at the insulator side 22 in the vacuum chamber, and the 
polymer is adhered thereto. A metal electrode is employed as the cathode 24, 
identical to the conventional art. When the DC plasma is formed, as mentioned 
above, anions of the plasma elements are moved and polymerized on the 
surface of the insulator under the influence of the anode positioned at the back 
of the insulator, and cations of the plasma elements are deposited on the 
cathode side. The plasma formed by the above process is identical in property 
to the polymer formed on a metal surface by using the DC plasma. 

Whether a .layer is formed is observed by a water-drop contact angle 
method. Whether an organic polymer is polymerized is observed by a difference 
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between a contact angle of a material which is "processed and a contact angie 
of a material which is not. Generally, molecular weight of plasma polymerized 
film is small so that plasma polymerized film washed by water. Whether large 
molecular weight polymer is formed is examined by observing the change of 
contact angie after washing. 

Figure 20 illustrates the change in contact angle with the lapse of 
process time on a polyethylene teraphalate (PET) film which were processed 
by mixing acetylene gas and nitrogen gas at a ratio of 1:1 under the discharge 
conditions of 1 kV and 200 mA/cm 2 . As shown therein, as the process time 
increases, the contact angie also increases, which is similar to the polymer 
polymerized on the metal. In the case of the metal, as the deposition time 
increases, the contact angle also increases. The contact angle of the polymer 
to water increases with the lapse of time. 

In order to examine the composition of the deposited layer, the Fourier 
transform infrared/raman spectrometer (FT-IR) has been generally employed. 
However, when a new poiymer is formed on the insulator, a property of the 
deposited polymer is difficult to examine by FT-IR because the polymer is too 
thin. Accordingly, the X-ray photoelectron spectroscopy (XPS) is used to 
examine the property of the deposited polymer. The composition ratios of C, N 
and O of the polymer are compared by using the XPS spectrum. 

The XPS spectra of nitrogen (Nls) and. oxygen (01s) are shown at about 
401 eV bonding energy, and about 533 eV bonding energy, respectively. 
Figures 21 A and 21 B illustrate XPS spectra respectively before and after 
polymerizing the polymer on the PET surface. A typical PET spectrum is shown 
in Figure 21 A before the polymerization, and a different spectra from PET is 
shown thereafter in Figure 21 B. Especially, the PET does not include nitrogen, 
but an N1s peak is observed therein after the polymerization. That is, it implies 
that a new poiymer is formed on the PET. The plasma employed for the present 
experiment did include oxygen, and thus theoretically a signal caused by 
oxygen cannot be generated. However, a signal caused by oxygen is detected 
after the polymerization. This is because oxygen is bonded on the polymer 
surface before/after the processing, as described above. The radicals generated 
during the plasma processing take an important role to form the oxygen bond 
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When a small amount of oxygen exists in the chamber for forming the plasma 
oxygen reacts with formed polymer due to its strong reactivity, or when the 
polymer is exposed to the atmosphere, the radicals are reacted with oxygen at 
the atmosphere and form an oxygen bond. The bonding of the polymer and 
oxygen greatly influences change in the polymer to have hydrophiiicity. The 
relative ratio of carbon, nitrogen and oxygen computed from XPS N1s, 01s and 
C1s is 100 : 18.5 : 12.6. This ratio is almost identical to the ratio of the layer 
polymerized on the metal anode by employing a metal both as the anode and 
cathode and by using the DC plasma discharge. As a result, the layer 
polymerized on the PET polymer in the present experiment has identical 
properties to the layer polymerized on the metal. 

Figure 22 illustrates results of a water-drop spraying test for a PET 
surface which was processed by using the DC plasma and one which was not. 
As shown therein, in the case of the substrate which was processed, when 
water was sprayed thereon, water drops were not formed and the water is 
spread on its surface due to the formation of the hydrophilic group. However, 
in the case of the substrate which was not processed, water drops were formed 
on its surface because of the hydrophobicity which is a property of the PET 
polymer. As another example, Figure 23 illustrates a processing result of the 
inside of a goggle made of a polycarbonate (PC) which is different in nature 
from a PET. As illustrated in Figure 23, in the case of the substrate which is 
processed, when water is sprayed thereon, the water is spread due to the 
formation of the hydrophilic polymer, and in the case of the substrate which was 
not processed, water drops were formed, identically to the unprocessed PET. 

Influences of Post-Processing bv Oxygen Ions on Hvdroohilicitv 

Figure 24 illustrates the change in contact angle with the lapse of 
processing time when a new polymer is polymerized on a metal surface by 
using the DC plasma and post-processed by using an oxygen plasma. In the 
case that the polymer is polymerized by using the DC plasma, the contact angle 
of water on the polymer is dependent upon conditions of the polymerization. In 
order to lower the contact angle of the polymer, it is processed by using an 
oxygen plasma in an identical experimental device after the polymerization. 
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Here, the layer deposited on the anode is superior in adhesion and durability 
to the layer deposited on the cathode. During the post-processing, the 
electrodes are exchanged, namely anode to cathode, and vice versa. Though 
processed for a short time, oxygen is bonded with a surface of the polymer, 
thereby increasing hydrophiiicity. Figure 24 illustrates the change in contact 
angle with the lapse of processing time when the polymer polymerized by DC 
plasma is post-processed by using an oxygen plasma, an initial contact angle 
of which being 35 degrees. As shown therein, although only processed for a 
very short time, the contact angle is remarkably lowered. 

Polymerization of hydrophobic polymer 

A polymer with hydrophobicity can be polymerized by using a monomer 
containing fluorine in accordance with a process similar to the above-mentioned 
polymerization. Polymerization is performed using C 2 H 2 F 2 (vinylidenefiuoride) 
by DC plasma polymerization under conditions that a DC current is 2 mA/cm 2 , 
total pressure of the monomer in a vacuum chamber is 0.1, 0.2 and 0.3 Torr, 
respectively and polymerization time is 10 and 30 sec. Polymers obtained under 
the above conditions have excellent hydrophobicity and particularly a polymer, 
which is polymerized at an anode under the conditions of 0.2 Torr and 30 sec 
of polymerization time, has a property of not making any contact with water and 
has a 180° contact angle with water. Further, in the polymerization of the 
hydrophobic polymer, polymers obtained from both the anode and cathode 
show hydrophobicity, but the polymers which are polymerized at the anode have 
better hydrophobicity. Table 6 shows various contact angles of the hydrophobic 
polymers with water in accordance with each polymerizing condition. 
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[Tabie 6] 

Contact angles of the hydrophobic polymers with water in accordance with each 
polymerizing condition when polymerizing vinylidenefiuoride to a metallic 
surface by using the DC discharge. 





1 0 sec. 


30 sec. 


Anode 


Cathode 


Anode 


Cathode 


0.1 Torr 


115° 


130° 


88° 


92° 


0.2 Torr 


130° 


125° 


180° 


130° 


0.3 Torr 


105° 


96° 


142° 


112° j 



Figure 25 is a photograph showing hydrophobicity of the polymer 
obtained by the DC plasma polymerization by using vinylidenefiuoride plasam. 

The polymerization using the monomer containing fluorine can be 
performed by RF plasma polymerization. Tabie 7 shows various contact angles 
with water of polymers in accordance with change in RF power and 
polymerization time. 



[Table 7] 

Contact angles with water of the polymers in accordance with change of RF 
power and polymerization time by using C 2 H 2 F 2 (vinylidenefiuoride) . 





10 sec 


30 sec 


Active 


Passive 


Active 


Passive 


100W 


130° 


112° 


130° 


68° 


150W 


110° 


82° 


88° 


60° 



As shown therein, the hydrophobic polymer achieved by the RF plasma 
polymerization also has excellent hydrophobicity. However, the polymers which 
are polymerized at the anode by the DC piasma polymerization have the best 
hydrophobicity among the obtained polymers. Further, as the hydrophobic 
material for the plasma polymerization, not only C 2 H 2 F 2 (vinylidenefiuoride) is 
applied, but also other fluorine-containing monomers and a silicone-containing 
monomer can be applied. 
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Paint adhesion test 

The excellent hydrophilicity obtained according to the present invention 
as well as an adhesion property which is closely related to the hydrophilicity can 
be applied to products. Since the hydrophilicity is closely related to the surface 
energy, the hydrophilicity and adhesion to a material, on which is be deposited 
or adhere to a surface of a product, improve as the surface energy increases. 
Since adhesion is related to the force which is required to separate materials 
which are stuck to each other, it is proportional to the surface energy. 
Accordingly, as the surface energy increases, the adhesion improves. Thus, the 
polymer with the excellent hydrophilicity which is achieved by the plasma 
polymerization can be applied to the application to improve the adhesion. Here, 
the improvement of paint adhesion to an aluminum panel is taken as an 
example. Generally, when applying paint to aluminum panel, adhesion of the 
paint is undesirably weak and thus the paint on the panel inevitably peels off in 
time. However, such problem can be solved by applying the paint to the 
aluminum panel after polymerizing the aluminum surface by the plasma 
polymerization according to the present invention. In Fig. 26, there is shown an 
adhesion test which is performed by a tape testing method after the plasma 
polymerization is applied onto the aluminum panel for 30 sec and paint is 
applied thereto. Here, it is noted that there is formed a square mold for the 
adhesion test. As shown therein, the paint partly peels off, but generally the 
paint applied on the panel shows excellent adhesion strength. Figure 27 is an 
enlarged photograph of the substrate in Figure 26, wherein except for the part 
in which the paint peels off, the paint applied on the polymer of the plasma 
polymerization show the excellent adhesion strength. In Figure 28, an adhesion 
test is shown, the test being performed after the plasma polymerization is 
applied onto the aluminum panel for 60 sec. As can be seen therein, the 
poiymer of the 60 sec-plasma polymerization has better adhesion strength than 
that of the 30 sec-plasma polymerization. Further, the paint applied on the 
polymer in Fig. 28 does not even have a peeied portion and shows the excellent 
adhesion strength in general. As described above, the polymer with the 
excellent hydrophilicity which is obtained by the plasma polymerization 
according to the present invention can be applied to the application to improve 
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the adhesion. 

Corrosion-resistance test 

To examine the corrosion-resistance of the polymer achieved by the 
plasma polymerization, a bronze bust and a polymer-coated bronze bust were 
respectively placed in a 5% NaCI solution for 3 days and the corrosion degree 
of the two busts are observed. The result of the test is shown in Fig. 29. As 
shown therein, the bust on the left side which did not receive the plasma 
polymerization, was severely corroded in the 5% NaCI solution, while no 
corrosion occurred to the bust on the right side on which the polymer is 
deposited according to the plasma polymerization of the invention. Therefore, 
it is certain that the polymer obtained by the plasma polymerization according 
to the present invention has excellent corrosion-resistance. 

As described above, a material with a novel chemical structure is 
produced on a surface of a substrate by mixing monomers of materials to be 
deposited on the substrate under conditions of relatively low energy and 
vacuum and generating a potential difference between the substrate and 
particles to be deposited thereon by a DC or RF plasma. Here, various chemical 
bonds can be achieved in accordance with the type of reaction gas, the DC 
current, voltage, RF power and deposition time, and therefore it is possible, as 
desired, to obtain a change in surface mechanical strength, adhesion, 
adsorption, hydrophiiicity and hydrophobicity according to the present invention. 
In addition, by using such process, it is possible to produce the materials on the 
surface of the substrate without affecting any property of the substrate. 

It will be apparent to those skilled in the art that various modifications 
and variations can be made in the plasma polymerization on the surface of the 
material of the present invention without departing from the spirit or scope of the 
invention. Thus, it is intended that the present invention cover modifications and 
variations of this invention provided they come within the scope of the 
appended claims and their equivalents. 



